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AB TRACT 
Groundwater quality i s  a critical aspect affecting uti l ization of this source for certain 
purpo e . In the UAE, uti l ization of groundwater for domestic purposes is wel l  practiced. 
While the qual ity of groundwater at some locations does not permit direct uti l ization 
of thi source groundwater. in many cases, is mixed with desal inated water at certain 
proportion b fore being dis infected and then distribu
'
ted to customers . 
Groundwater of Liwa aquifer contains h igh level of Cr(VI )  which i s  bel ieved to 
originate from natural ources. However, l ittle  has been done to i nvestigate the fate of this 
contaminant. Spreading of chromium to nearby aquifers may render the quality of these 
aquifers un-suitable for certain uses. Furthermore, groundwater in Liwa district may not be 
suitable for drinking purposes e en when mixed with desal inated water. It was, therefore, 
necessary to understand the impact of d ifferent transport mechanisms inc luding advect ion, 
dispersion, and o i l  interaction on the transport of Cr(VI) in groundwater at L iwa district. 
This i s  important for the success of future measures to decontaminate groundwater 
i n  Liwa area. Another obj ective of this study was to investigate removal of Cr(VI )  using 
activated carbon and metal iron. 
everal batch and column studie were conducted to investigate the tran port of Cr 
in  L iwa soi l .  Batch studies revealed that Liwa soil has low sorption capac ity to Cr(VI) and 
higher sorption capacity to Cr( I I I ) .  Sorption distribution coefficients for Cr(V1) determ ined 
from column experiments were more rel iable than results obtained using batch tubes since 
the latter method is  not sensi tive to chemicals that are s l ightly sorbed to solids. 
I I I  
1i cible di pIa ement e 'perimcnt conducted u mg Cr(VI)  on columns packed 
with Liv,ra soi l uggested that differences in the initial concentration used or differen e in 
the applied flow rates employed do not result in a significant impact on the shape of the 
breakthrough curve .  Normalized effluent Cr(VI )  concentration along with the 
corresponding alues of the pore volume (PV) were utilized to detennine the value of the 
hydrodynamic disp rsion coefficient (D) and the retardation factor and (R) using 
CXTFIT2o· The model was further used to simulate Cr transport under different 
conditions. In conclusion columns packed with Liwa soil have dispersivity of 0.4 cm and a 
retardation coefficient for Cr(VI)  of  about 1 .5 .  
Reduction of Cr(VI)  using iron was investigated under different p H  values .  
Addition of iron to a solution containing Cr(VI )  caused the disappearance of the chemical. 
I t  \vas also found that as the pH is reduced from 7 to 4, higher removal occurred with 
a lmost complete disappearance of Cr(VI)  from solution at pH 4 after 2 hrs of contact time.  
The rate of change of Cr(VI) and total Cr concentration with the use of granular 
activated carbon (GAC) at different pH values was investigated.  The results of the 
experiments showed that the concentration of Cr(VI)  decreases with time in the presence of 
GAC, with more disappearance from solution as the pH drops. In both the carbon and the 
iron experiment. the actual mechanism of Cr(VI)  disappearance from solution is not clear. 
Practically, attempts directed towards management of the valuable \ ater re ource in 
Liwa area should benefit from the results of this study. Establishment of small -scale 
treatment plants for removal of chromium from groundwater intended to be u ed for 
drinking purposes may consider the use of activated carbon or metal iron at reduced pH 
values. 
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INTORDUCTION AND OBJECTIVES 
1.1 INTRODUCTION 
Groundwater i s  the ource for drinking water for many people around the world, 
espec ial ly in rural areas (Fetter, 1 999). Groundwater i s  a lso uti l ized for agricultural and 
industrial activities. This  is i l lustrated by the use of groundwater in the United States as 
approximately 28 bi l l ion gallons of groundwater per year is being uti l ized daily for 
d ifferent activities in  1 995 (USG ). About 63 % of the total use suppl ied by groundwater 
in the United tates goes for irrigation. 
There i s  a tendenc to think of groundwater as being the primary water source in 
arid regions. General ly, groundwater serves as an important resource in a l l  c l imatic zones.  
Reasons for this inc lude its con\'enient avai labi l i ty near the point of use, i ts excel lent 
qual ity (which typical ly  requires l i tt le treatment), and its re latinly low cost of development 
(Todd 1980). However, huge uti l ization of groundwater resources in arid regions i 
problematic when the amount withdravm is higher than that replenished by infiltration. 
Experts have wamed that a ignificant decrease in  groundwater reserves in the UAE may 
pose hazards to public health and agriculture (Khaleejtimes Tewspaper UAE, 23rd May 
2002). 
n e timated 670 mil l ion cubic meter of groundwater reserves i s  being consumed 
annual ly in the UAE, repre enting 53% of the total \-'vater consumption (Rogers et a l .. 
1 993) .  Most of the consumed groundwater goes for agricultural activities. Experts 
cautioned that the fal l  in the water level in the country wi l l  adversely affect the strategic 
water re erves. The abi l i ty of groundwater resources to meet future agricultural needs in 
UAE is  questionable as many aquifers have been depleted due to over-pumping whi le 
others are showing severe signs of sal ination and contamination. The shortage of water has 
been adversely affecting farms in some areas of the country, particularly the eastern coastal 
region. The problem of water scarcity in the regions is not only hindering agricultural 
development but al 0 threatening the fert i le  sand in other parts of the country. Furthermore, 
residential areas are facing a threat of insufficient supply of water for domestic use 
(Khaleej times ewspaper, UAE, 23rd M ay 2002). 
Groundwater quali ty i s  a critical aspect affecting uti l ization of this source for certain 
purposes .  In the UAE.  uti l ization of groundwater for domestic purposes i s  wel l  establ ished. 
Whi le  the quality of groundwater at some locations does not pennit  direct uti l ization of this 
source, groundwater-in many cases- i s  mixed with desal inated water at certain proportion 
before being disinfected and then distributed to customers (Wood et a i ., 2003). 
There is some evidence that groundwater aquifers at Liwa district (Abu Dhabi 
Emirate) contain relative ly  high level of Cr (VI)  (Wood et aI . ,  2003). It is further bel ieved 
that this contaminant originates from natural sources. Groundwater in Liwa district is being 
uti l i zed extensively for agricultural purposes. In  1 992, the estimated production of 
groundwater in  L ivia Crescent was 4 mi l l ion cubic meters whi l e  the anticipated future 
demand is around 8 mi l l ion cubic meters per year (Wood et a ! . ,  2003). 
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Little ha been done to ill\'estigate the fate of chromium in the subsurface 
environment at Liwa area. It i , therefore, nece arl' to under tand the impact of different 
tran port mechani ms including ad ection, dispersion, and and interaction on the transport 
of er( 1) i n  groundwater at Liwa district. 
1 .2 RATI ONAL 
In  1 99 1  and 1 992, Groundwater Research Project team organized by the ational 
Dri l l i ng Company (NDC) and U Geological Survey (USGS) (USGSINDC team) col lected 
water samples from 2 1  L iwa Qual ity wel ls ,  1 1  Groundwater Proj ect (GWP) wel ls ,  and 1 9  
L iwa Water Sampling ( L  WS) wel ls .  The wel ls were screened for trace metals using DCP­
AE technique. This  screening detected high concentrations of chromium (Table 1 . 1 ), 
rai s ing the concern about the possibility of excessive chromium in drink ing water supplied 
by pumping wel l s .  Subsequently, samples were col lected from 20 LWS wel l s  in June 1 993 
and from 5 GWP wel l s  in  1 993 and 1 994. Moreover, 1 7  wel l s  were re-sampled during late 
August and early eptember 1 993 .  All the 42 samples were analyzed for chromium using 
the more accurate GF-AAS technique .  
As sho\\'n in Table 1 . 1 ,  chromium concentration 111 groundwater in the Liwa 
Crescent area substant ia l ly  exceed the WHO guidel ine value for drinking water ( i . e .  belo\v 
50  Ilg/L) (Wood et a l . ,  2003) .  Among al l  the sampled wells ,  only we l l  number L W -20 
sampled in June 1 993 had a total chromium concentration below the WHO guidel ine value. 
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Table 1 .1 hromium level in  groundv, ater at L iwa District (\Vood 
et a l . .  2003). 
Date N umber of wells 
1 99 1  - 1 992 33  
June 1 993 25 






Table  1 . 1  does not show the leve l s  of hexavalent chrom ium in groundwater at L iwa 
area. Howe er, it has been reported that 93% of the total chromium i s  in the form of 
hexavalent chromium. Hexavalent chromium is  very toxic at low levels and its presence at 
trace Ie e l s  i n  dri nking waters may pose a health threat. S ince hexavalent chromium is  
pre  ent in  groundwater at L iwa area it becomes necessary to know how it moves in  the 
ubsurface environment and what predominant mechanisms affect its transport. 0 
previous studies have been conducted in  this regard. 
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1.3 OBJECTIVE 
The pecific obj ective of this study are : 
1 .  To inve tigate the predominant mechanisms affecting the transport of Cr(VI) in sand 
c lumns repre entative of Liwa geological formation. 
2. To in  estigate the efficienc of different treatment techniques in the removal of Cr(VI) 
from groundwater. 
Understanding the tran port of chromium in Liwa aquifer should have an impact on any 
effort directed towards management of this valua�le water resource. Successful future 
measure to decontaminate groundwater in Liwa area by reducing the spread of the 
contaminant or c leanup the aquifers to acceptable l evels is pending on the level of 
understanding of chromium movement. This  study should further have an impact on 
possible establ i shment of smal l -scale treatment plants for removal of chromium from 
groundwater intended to be u ed for drinking purposes. 
1 .4 APPROACH AND SCOPE OF \VORK 
Repre entative groundwater and sand samples v;ere col lected from Liwa area. The 
concentration of Cr(VI)  in groundwater was determined from the col lected water samples. 
The sand samples v.ere characterized and uti l ized in batch experiments to understand the 
interaction of chromium with sand . Miscible displacement study was conducted to 
characterize the di spersive behavior of the sand and to determine the retardation coefficient 
for chromi um using the nonlinear least-squares parameter optimization model (CXTFIT2o) 
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(Toride et a I . ,  1 995) .  A l l  column work pertinent to the rudy was conducted In the 
laboratory using synthetic water with known level s  of Cr(VI)  or Cr( l l l ) .  
Different alternative schemes for removal of chromium from groundwater samples 
obtained from L i\ a area were tested including the use of activated carbon for adsorption 
and the u e of iron for reduction of Cr(VI)  to Cr(Ill) .  
1 .5 THE S I S  STRUCTURE 
This thesis consists of s ix  chapters. Chapter 1 includes a description of the problem 
statement and the obj ectives of the study.  
Chapter 2 presents a review of the literature pertaining to the contamination of 
groundwater in general and with chromium in particular. It also highl ights the health 
impact of Cr(VI )  in drinking waters. The last part of Chapter 2 is devoted to review 
previous studies that are related to the transport and remediation of chromiwTI. 
Chapter 3 describes the materials and methods used in this study. 
Chapter 4 presents and discuss the results pertinent to the transport and interaction 
of Cr(VI) using sand samples from Liwa area . 
1eanwhi le ,  Chapter 5 i s  devoted to present and discuss results re lated to removal 
of  Cr(VI) by activated carbon and those by metal iron.  
F inally, Chapter 6 concludes this study and dra\vs recommendations related to 




2.1 SOURCE OF G ROUNDWATE R  CONTAMINANTS 
Groundwater contains naturally dissolved gases from the atmosphere and dissolved 
m ineral and gase from the sand and rock through which it passes. The sand fi lters water 
and absorbs and remo es many particulate contaminants though some wi l l  pass through to 
the groundwater. But i f  the sand layer is thin, has h igh penneabil ity or if the water table  i s  
c lose to the land surface, then the sand is  less  l ikely to  adequately treat contamination. The 
excess contaminants may pass through the zone of aeration and enter the groundwater in  
the zone of saturation. If  this happens, a p lume fonns .  A plume is  an underground pattern 
of contaminant concentrations created by the movement of groundwater beneath a 
contaminant source .  The contaminant spreads mostly laterally perpendicular to the 
d irection of groundwater movement. The site of original contamination has the highest 
concentration of contaminant and the concentration decreases as it mo es further a\ ay 
from the source .  A partial l i st of human sources of groundwater contaminants is shown in 
Table 2.1 (WW\v.Portage Country Groundwater). 
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Table 2.1: Human sources of groundwater contaminants, ('V,i,o,vv.Portage Country 
Groundwater). 
Place of 
Potential  G ro u ndwater Contaminat ion Sou rces 
Origin 
Mun icipal  I n dustrial  Agricu ltu ral  
At or  Near Air pol lution. Air pol l ution. Air pol lution. 
the Lan d  
S u rface Municipal waste . Chemicals :  storage and spi l l s .  Chemical spi l ls .  
Land-spreading. Fue ls: storage and spi l ls .  Ferti l izers . 
Salt for de-ic ing Mine tai l ing pi les .  Li vestock waste 
streets . storage fac i l ities and 
land-spreading. 
Streets and parking 
lots .  Pesticides. 
Below the Landfil l s .  Pipe l ines .  Underground 
Lan d  storage tanks. 
Su rface Leaky sewer l i nes .  Underground storage tanks .  
Wel l s :  poorly 
constructed or 
abandoned. 
2.2 HEAVY METALS I N  GROUNDWATER 
The major e lements (Si  A l  Fe. Ca, Na, K, Mg Ti and P) that exist on earth's crust 
represent 99% of the total e lement . Other than these are "trace elements" which represent 
less than 1 000 f.1 gIg sand (Al loway, 1 990). Metals have a l im ited mobi l ity in sand and 
groundwater because of cation exchange or sorption on the surface of mineral grams. 
Metals form precipitates of varying solubi l ity under spec i fic Eh-pH conditions . Heavy 
metals are mobi le in groundwater if the Eh-pH range is such that soluble ions exist and the 
sand has a low cation-exchange capaci ty .  They can also be mobi le if they are chelated or if  
they are attached to a mobi le colloid. 
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Conditi ns that promote metal mobi l i ty in groundwater include an ac idic. sandy soi l 
ith low organic and c lay content (Fet1er, 1 999). 
orne of the maj or source of heavy meta ls  in soi ls are (Al loway 1 990): 
1 .  Atmospheric pol lution from motor vehicles and combustion of fossi l  fuel .  
2. Agricultural fert i l izers and pesticides as they may include various combinations of 
heavy metals e i ther as impurities or active constituents . 
3 .  Organic manure as they contains high concentrations of heavy metals especially 
those from industrial catchments . 
4 .  The disposal of urban and industrial wastes can lead to sand pol lution from 
inc ineration or metal-containing materia ls .  
5 .  Meta l lurgical industries can contribute t o  sand pol lution. 
6. The min ing and smelting of non-ferrous metals has caused sand pol lution 
2.3 CHEMISTRY OF CHROMIUM 
Chromium is  a white, hard and lustrous metal, melting at 1 860 °c (Moore and 
Ramamoorthy, 1 984) .  The physical and chemical properties of chromium are highlighted in 
Table 2 .2 .  Chromium in natural waters occurs in (+3 ) and (+6) valance state . Within the 
range of pH and Eh encountered in most natural waters, chromium occurs as both Cr( I I I )  
and Cr(VI)  (Richard and Bourg. 1 99 1 ) . Cr(I l l )  i s  far less mobi le in ground water, being 
found either as cationic spec ies that sorb to sol ids or as relatively insoluble precipitates such 
as Cr(OH)3 (Rai et a I . ,  1 987) .  Cr(VI) typical ly occurs as anionic species such as chromate 
(Cr0
2
-4 ) that tend to be mobile in groundwater. 
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Table 2 .2 :  Ph ical and hemical properties of chromium (\'.'\\'\ . PECTRU 1). 
Property Value 
Heat of fusion 3660 callg.mole 
Latent heat of fu ion 62. 1 cal/g 
Heat capacity (25 °C)  5 . 5 8  callg-mo l .°C 
Atomic number 24 
Thermal conductivity at 20 °C 9 1  W/m.K 
Standard state Sol id at 298 K 
Color S i lvery metal l ic 
C lassification Metal l ic  
Chrom ium content of natural waters i s  general ly low whereas rocks exhibit a \vide 
range of Cr concentrations (Table 2 .3 ) .  The common m inerals that control the dissolved 
chromium content of natural waters are Cr(OH)Jcs) and (Fe Cr) (OH)3 (5) for Cr( I l l ) .  Within 
normal pH major Cr( I l I) dissolved spec ies are CrOH
2+ and Cr(OH )t Chromium 
d istribution is also control led by redox processes .  Oxidation of Cr(I l l )  to Cr(VI)  is very 
effective i n  the presence of sol id Mn02 . Fe(I l )- and organic matter-rich environments favor 
the reduction of Cr(VI)  to Cr( I l l ) . 
1 0  
Table 2 . 3 .  oncentration of hromium 111 vanous types of rocks 
(mg'kg), (Al lowa). 1 990). 
Average concentration 
ltramafic igneou 1 800 
Ba alt ic igneou 220 
Granit ic igneous 20 
Shales and cIa 1 20 
B lack shales 1 00 
L imestone 1 0  
Sandstone 3 5  
2.4 OURCES OF C HROMIUM IN T HE ENVIRONMENT 
Range 
1 000 - 3400 
40 - 600 
2 - 90 
30 - 590 
26 - 1 000 
Chromi um is produced from the ore chromite, which is a m ixed oxide with the 
general formula FeO.Cr}O) . The world annual production of chromium is 1 0
7 tones of 
which 60-70% is used in al loys, including stainless stee l .  Chromium is used in the 
refractory bricks for l in ing furnaces and k i lns which accounts for 1 5% of the chromate ore 
used. About 1 5% is also u ed in the general chemical industries ,  e .g .  chrome alum for 
tanning leather, p igments and wood preservati es (sodium dichromate) (A l lowa) , 1 990). 
Major uses of chromium chemical are shown in Table 2.4. Most chromium released into the 
environment results from human activit ies at stationary point sources (Barceloux, 1 999). 
1 1  
1 able 2 .4 :  ome u e of chemical containIng chromium, (Al loway, 1 990). 




Corrosion i nhibitors 
Dri l l ing mud 
E lectronics 
Emuls ion hardeners 
H igh-temperature batteries 
Magnetic tapes 











The total annual input of chrom ium into sands worldwide has been estimated to be 
betv..:een 480- 1 300 tons (Al loway_ 1 990). Ferti l izers contain high concentration of 
chrmoium. The ational Research Counci l  of Canada reported a range of  30-3000 mg 
Crlkg in phosphate fert i l izers. Table 2.5 highl ights Cr concentration i n  fert i l izers and 
animal manures. 
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20 - 3 1  
6 
1 2  
56 
Ferrochrome production in  the United States was estimated over 1 2 ,360 ton/yr in 
year 1 986 (Al loway. 1 990). The largest total amounts of Cr released to the atmosphere by 
human activity are from metallurgical industries in the form of particles.  The next most 
important source of atmospheric chromium was refractory brick production, re leasing 1 630 
ton/yr, fol lowed c losely by combustion of coal with a release of 1 564 ton/yr. Steel 
production released 520 ton/yr. There are also natural sources of chromium present in the 
atmosphere, e.g. windblown sand and volcanic activity .  Table 2 .6  shows the estimated 
global emission of chromium to the atmosphere from natural and anthropogenic sources. 
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Table 2 . 6: E timated global emissions of chromi um to the atmosphere from natural and 
anthropogenic sources in  1 983 ,  (Alloway, 1 990). 
Anthropogenic  sources: 
Coal combustion 
Oil combustion 











G rand total  
2.4.3 Sewage S ludge 
Emissions (103 ton nes/yr) 
2 .92 - 1 9 .63 
0 .45 - 2 .37 
2 . 84 - 28 .40 
0 .098  -0.98 
0 . 1 5  - 0.45 
0 .89  - l .78 
7.34 - 53.61 
30.48 (36%) 
50  
3 .9  
53.9 (64%) 
84 .38  
Metals from natural, domestic and industrial sources tend to  concentrate in the 
organic residue at sewage treatment works .  The concentration of chromium in sewage 
sludge is shov,'ll in Table 2 .7 .  Transfer of chromium from wastewater to settled sludge 
depends on the process used and the age of the s ludge . The disposal of sewage s ludge adds 
1 .4 to 1 1 x  1 0
3 
tones of chromium to sand global ly. 
Many metals accumulate high concentration in  the surface layer of sands treated 
with sewage sludge. The depth of the contaminated soil depends upon the presence of 
cracks or channels in the soi l  at the t ime of application of liquid sludge. 
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Table 2.7: Concentration of chromium in se\ age s ludge (mgfkg dry weight) (Alloway 
1 990).  
Location Concentration 
Ontario, anada 530 
England and Wales 335  
USA 1 290 
wed en 50 
2.5 CHROMIUM HEALTH EFFECTS 
Trivalent chromium is a very stable  oxidation state for chromium. In this state, the 
chrome i s  k inetical ly very s lov\' to react or form complexes. It is not a strong oxidizer and 
the human's natural body acidity is enough for the chrome to stay in this state. However, 
Cr(VI) is a very strong oxidizing agent and l ikely to form complexes. But this is not why 
Cr (VI )  is toxic .  One of the reduction products of Cr(VI) is Cr(V) .  The latter is a known 
carc inogen and wi l l  lodge in any ti ssue to form cancerous growths. In the body, the ac idity 
and action of enzymes on Cr(VI) wi l l  promote the formation of CrCV) in small quantities. 
However, as the size of this is normally too large to be adopted by a ti ssue, Cr(V) wi l l  pass 
out. The only place where Cr(V) is l ikely to lodge is in some of the fine capi l laries in either 
the k idneys, intestines or lungs. During the passage out, Cr(VI) wi l l  continue to oxidize 
materials leaving deposits of the relatively safe Cr(I I I )  and unsafe Cr(V) behind 
(www. acom users.org) . 
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The major route for the introduction of significant quantities of chromium into the 
body are ingestion and i nhalation of Cr particles .  However, dermal contact remains a more 
common means for chromium expo ure for many occupational works.  The oxidation state 
i the determining factor in  bloodstream transport. Cr(I I I )  i s  bound to B-globins and other 
metal -transporting proteins .  At high Cr concentrations Cr( l I I )  binds to alpha-globins and to 
serum albumin. The trivalent form i s  transported via the serum and cannot penetrate the 
membranes i nside the human body and binds to hemoglobin (the globul in portion). The 
Ii er, kidney, spleen and testes accumulate much of the Cr load after exposure. The lung, 
pancreas heart and brain take up less Cr. Cr( I I I )  is c leared from the blood and Cr(VI) ions 
are retained l onger (www .Harvey and Jachec, 2002). 
Contact dermatitis i s  the most widely encountered c l inical manifestation during 
occupational exposure with low to moderate leve ls  of chromates. I nhalation of chromate 
dust can result in irri tation and ulceration of the nasal mucosae and septal perforation. 
Pro longed exposure can also result in  chemical pneumonitis, chronic bronchitis, rhinitis and 
sinusit is .  The serious health effects of Cr(VI) are primari ly due to chronic low-level 
exposure . The kidneys may be the most sensitive target for the toxic effect of Cr(VI) 
exposure .  The major health effect of long term Cr exposure i s  the increased risk of lung and 
GI  cancers (stomach, pancreatic, and intestinal) . The type of cancer that develops fol lowing 
Cr exposure varies with the type of Cr and exposure duration (wwvv .Harvey and Jachec, 
2002). 
There are reports of lung cancer developing 20 years after Cr exposure . There i s  a 
greater frequency of cancer of the oral cavity and the upper respiratory tract in chromate 
industry workers. Several epidemiologic studies have demonstrated a correlation between 
increased inc idence of prostate, bladder, pancreas, kidney and leukemia (white blood cel ls) .  
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The to icit} of r( I I I )  compound depends both on its oxidizing and on it corrOSIve 
propertie . Other than chrom ium ulfate, trivalent chromium compounds are relatively 
nontoxic (\vww .Harvey and Jachec, 2002). 
2.6 TRA PORT OF CHROMIUM I N  GROUNDWATER 
ubsurface transport mechanisms are divided into two main categories : those that 
leave the structure of a chemical unchanged, and those that transform the chemical into one 
or several products. Tran port and m ixing within a given phase or different phases fal l  in  
the first category .  Meanwhi le ,  in  the second category the alteration of the structure of the 
compound may occur b chemical,  photochemical, or biological transformation reactions 
(Maraqa, 1 995) .  
Contaminants are subjected to advection and hydrodynamic dispersion as they 
transport with the groundwater. Advection is the mechanism by which chemicals are 
tran ported b the bulk motion of the flowing phase. Dispersion, on the other hand, i s  the 
preading of a stream or discrete \ olume of contaminants as it flows through the 
subsurface .  Due to hydrodynamic dispersion, part of the chemical plume migrates s l ightly 
faster. whi le the other part moves ,l ightly slower than the average water velocity . 
Hydrodynamic dispersion i s  caused by two processes :  mechanical mix ing during fluid 
advection and molecular d iffusion driven by concentration gradients (Freeze and Cherry, 
1 979). Mechanical dispersion i s  caused by three mechanisms:  ( 1 )  deviation of velocity in 
individual pore channels from the average groundwater velocity, (2) diversion of flow paths 
around individual pore channels which results in variations in the average veloc ity among 
d ifferent pore channels, and (3) d ispersive processes related to the tortuos ity, branching and 
i nterfmgering of pore channels .  Molecular diffusion, on the other hand occurs due to 
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concentration gradient of di ssolved consti tuents (Freeze and herry, 1 979). The tran port 
of a nonreactive o lute can be de ribed a : 
(2.1) 
where, C is  the concentration, t i s  the travel t ime, D is the hydrodynamic dispersion 
coeffic ient, Vo is the average pore-water veloc ity and x is the distance. 
A significant amount of effort has been conducted to characterize dispersion m 
porou media. Brigham et a l .  ( 1 96 1 )  studied the impacts of partic1e size, pack/core lengths 
and diameter on dispers ion. The authors found that dispersion in sandstone cores was 
always higher than that in the packs of glass beads (Brigham et a i . ,  1 96 1 ) . Perkins and 
Johnston found that dispersion increases for sands with lower uni formity coefficients (wel l  
graded) (perkins and Johnston, 1 963). General ly,  the hydrodynamic dispersion coefficient 
is a l inear function of pore-water velocity: 
D= avo+ D* (2.2) 
where, a i s  cal led dispersivity and D* is  the effective molecular d iffusion coefficient. 
Charlaix et a l  ( 1 987) found that the di spersivity was higher in consolidated media 
than that in unconsolidated ones (Charlaix et a l . .  1 987) .  Gupta and Greenkom ( 1 974) found 
that di per ivit) increases  approximately l inearly \vith an increase in c lay content. 
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ontaminants in ground\vater may tran fer from th l iquid phase to the solid phase 
b. a proces cal led sorption. The impact of sorption is to reduce the average velocity of the 
o lute with re pect to that of the water molecules. The one-dimensional equation 
describing transport of sorbing solute through a homogeneous sand column, under steady-
tate conditions, is given a (Fetter, 1 999): 
(2.3) 
where, 8 i the olumetric water content, p is the bulk density , q is the concentration in the 
sol id phase, and other parameters are as defined previously. Equat ion (2.3) in a 
nondirnensional form reduces to :  
8C* D 82C* 8C* R-= --- - -





where C* is the normal ized solute concentration. L is the length of the column, T is the 
normal ized t ime = vo8tJL Kd is the l inear sorption di stribution coefficient. and R is the 
retardation coefficient. 
In  case of transfonnation or degradation. the nondimensional equation i s  given as: 
(2.6) 
where 11 i s  the degradation rate constant. 
Migration of chromium is determined by the competition between complexation, 
dissolution/precipitation, redox processes and adsorption/desorption mechanisms. 
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Tri\alent chromium migrate under a idic conditions and/or if present as dis ol\ed 
organl matter complexes. He aval nt chromium general ly migrates rapidly but its 
mobi l ity is i nhibited hen the Fe( I I )  and organic matter concentrat ions are high and when 
orption proce ses are fa ored ( low pH) (Equation 2 .7  (Richard and Bourg, 1 99 1 ) . 
Andrews and avi l le (2003) studied large Cr plume that evolved over a period of 45 
years from release in  a groundwater system.  Chromate trapped in  the pore water acted as a 
ource of chromate to the groundwater when the water table rose. Beneath the irrigated 
area the recharge of i rrigation water was sufficient to flush the chromate out of the pore 
water as the water table decl ined. The chromate in the applied water was reduced to Cr( I l l )  
by the organic matter in  the surface sands in  the fields. As a result of these processes the 
irr igation pumping was an effective pump and treat system that contained the chromate 
plume. 
Prieto et a l .  (2002) studied the i nteraction of Cr(VI )  with barite by quantify ing the 
effect of this mineral on the net flux of chromate ions diffusing through an artificial porous 
medium consisting of barite grains embedded in a matrix of s i l ica hydroge l .  The gel 
suppresses advection but al lows diffusion of the aqueous ions. The net flux of chromates is 
reduced by sorption on the surface of sand minerals or aquifer sands. The authors 
concluded that partial immobil ization of aqueous Cr(VI)  could be carried out directly, 
without reduction to Cr(I I 1 ) ,  by sorption of CrO}" ions on the surface of barite crystals  and 
subsequent precipitation. 
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rmieta et a1. 1 996) tudied the distribution. ongll1 and fate of Cr in sands in 
uanaj uato. Mexico.  The) indicated that Cr may react chemical ly. after its release into the 
and with the d ifferent sand fraction and be retained on a temporary or permanent basis. 
Temporary retention of both ox idation states of Cr may be produced by adsorption. 
More permanent retention may result from the precipitation of Cr( I I l) ,  or from the 
reduction of Cr(VI)  to Cr( I l l )  fol lowed by precipi tation of the l atter. 
Guha et a ! .  (200 1 )  studied Cr transport, oxidation, and adsorption in manganese­
coated sand. Results of their batch experiments demonstrate that solution pH and ionic 
composition influence the kinetics and extent of Cr( I l l )  oxidation by manganese-containing 
m inerals .  Additional ly they found that the oxidation reaction is nonl inear with a rapid 
oxidation rates i nit ial ly, but the rate decl i nes precipitously wel l  before the concentrations of 
reactants are depleted. This  inhibit ion in Cr( I I I )  oxidation has been attributed to poisoning 
of the manganese surface with the by-products of the oxidation-reduction reaction, as wel l  
a s  the precipitation of Cr(OH)3,  a redox-stable sol id phase. 
The k inetics of the Cr redox reactions, which ultimately control the distribution of 
Cr( I l l )  and CrcYI) ,  complicate Cr transport because each species exhibits a unique sorptive 
response to changes in physico-chemical conditions. The oxidized Cr spec ies exists in 
anionic form in natural water . and its adsorption to oxide surfaces is readi ly reversible and 
varies i nversely \\ ith pH and concentration of competing anions. In contrast. Cr( I I I ) is 
cationic, its adsorption tends to increase with pH , and, owing to coordination in iTUler­
sphere complexes, its desorption from oxide surfaces is s low. 
Guha et a!. (200 1 )  conducted column experiments with influent solutions containing 
Cr( I l I) and other column experiments with i nfl uent solutions containing Cr(VI) .  In  their 
experiments the sensitivity of Cr breakthrough to changes in  pH, flow rate, and influent Cr 
2 1  
concentrat ion were te ted . Re ults of the column e.'periment with Cr( l l I )-containing 
in fl uent olution demon trate that Mn02 effectively catalyzes the oxidation of Cr( I I I )  to 
r(VI ) .  The authors found that changes in  pore-water pH, average pore-water velocity, and 
in fluent concentration control the characteristics of CrOl l )  oxidation . Oxidation rates are 
higher and thu effluent concentration of Cr(VI)  are greater at pH 4 relative to pH 3 .  
Oxidation-reduction reactions c learly p lay an  important role in  the fate of  
chromium; however sorpt ive mass transfer reactions exert a relatively small  influence on  
the overal l  movement of  chromium. Experiments in  which Cr(VI)  is used in place of  
Cr( I I I )  in  the influent solution showed that Cr(VI )  retardation i s  small across the range of  
conditions tested and that Cr(VI )  transport approximates that of a conservative tracer. The 
authors further concluded that advective-dispersive transport, rate-l imited redox reactions, 
and, to a less extent, sorptive mass transfer contro l  the fate of chromium within the sand 
columns (Guha et a I . ,  200 1 ) . 
The authors attempted to define the response of  these coupled processes to changes 
111 experimental conditions by comparing the breakthrough data to model calculations. 
They found that both the reduced and oxidized Cr spec ies adsorb weakly to the Mn02-
coated sand and that sorption i s  kinetically control led. The authors also found that Cr( I l I )  
adsorption varies directly with pH,  v·:hi le Cr(VI)  adsorption aries inversely with pH . 
Calculations of the Cr( I I I )  retardation factor range from 1 .2 to 1 .4 at pH 3 and from 1 . 5 to 
1 , 8 at pH 4 whereas calculations of the Cr(VI )  retardation factor vary between 1 .2 and 1 .3 
at pH 3 and between 1 . 0 and 1 . 1  at pH 4 .  The low values of retardation coefficients suggest 
that the effect of adsorption on chromium transport would be smal l .  
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2.7 T R  ATl\l El\T O F  \VATE R  C01\TA I N L  G C H RO M I U M  
Rem diation of contaminated ground\\ ater may be approached from two 
per pective : in- itu or pUlJlp-and-treat. In-situ method minimizes the surface handling of 
contaminated media and reduce the volume of waste, e i ther solution or sol id, requiring 
dispo a1 .  In-situ methods may involve the addition of treatment chemicals to the zone of 
contamination or the construction of a geochemical barrier to intercept contam inated water 
as it flows through the aqu ifer. In the case of the injection of a treatment chemical, not only 
must the reactant immobi l ize or decompose the contaminant to a concentration below a 
level of  concern, but it must generate a stable geochemical environment in  which the 
contami nant \vi l l  not be remobi l ized at some later t ime .  
The pump-and-treat method can benefit  from geochemical manipulation to increase 
the efficiency of contaminant removal .  The two major types of geochemical enhancements 
produce conditions that e ither ( 1 )  increase the solubi l ity of a reactive mineral containing a 
contaminant or (2) desorb contaminants by adding dissolved species that compete for the 
adsorption sites or dissolved the adsorbent, releasing the contam inants to the groundv-,ater 
(Deutsch 1 997) .  The pump-al7d-treat method has proven in many cases to be effective for 
removing soluble pol lutants. However, it i s  often costly and labor intensive and requires 
treatina larae volume of water. In contrast the in-sTfu method is recommended by many ::> ::> 
investigators for its effectiveness in the remediation process. 
Regardless of the teclmique implemented on the site to treat contaminated 
groundwater, the l iterature reveals that the method of treatment of Cr(V I )  in contam inated 
waters fall s  into two categories : reduction or sorption. 
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2.7. 1 Red u ct ion of C r( V I )  
Once r( I ha be n reduced to Cr(I I I ), nearly a l l  of  the C r  should remaIn stable in 
thi form indefinitel , s ince there are relatively few mechanisms for i ts reoxidation. The 
only redox couple in natural systems that can oxidize Cr( I I I )  to Cr(VI)  is Mn(IV)lMn(I I )  
(Eary and Rai . 1 987 ;  Palmer and Puis, 1 994; and James, 1 996). Reduction of Cr(VI) can 
e i ther be achie ed chemical ly or biological ly .  
2.7.1.1 B iological red uction of  Cr(VJ )  
B iological reduction of Cr(VI )  i s  currently  reCe IVIng attention as  an  alternative 
remediation strategy supported by the discovery that some bacteria possess chromate 
reductase activity (Park et a I ., 2000). 
Cheung and Gu. (2003) studied the reduction of chromate (CrO/) by an 
enrichment consortium and an isolate of marine sulfate-reduc ing bacteria (SRB). They 
found that these bacteria are capable of reducing Cr(VI )  enzymatical ly into Cr( I I I )  under 
anaerobic conditions. The biomass and Cr( I I I )  i n  the cultures increased s imultaneously 
with the reduction of Cr(VI) .  
Guha et  a l .  (2003)  tudied the microbiological reduction of Cr(\ , I )  in  presence of 
pyrolusite-coated sand by Shell'anella alga Simidu ATCC 55627 (BrY-l'. IT) in laboratory 
column experiments. They found that reduction of Cr(VI )  was rapid (within 8 h) in 
columns packed with uncoated quartz sand and BrY -MT whereas Cr(VI )  reduction by 
BrY-MT was delayed (57 h)  in the presence of �-Mn02-coated sand. The role of �-Mn02 
was to provide oxidation of Cr( I I I ) .  
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Laxman and lore (2002) studied the reduction of Cr(\  I b) L Ireplomyces gr;seu· .  
The author found that Ireploll1)'ce gr; eus can grow and reduce highly toxic Cr(VI) to 
Ie s toxic Cr(I I I )  from media containing 5 - 60 ppm of Cr(VI) .  They also found that the 
concentrat ion of Cr( I l l )  increased with s imultaneous decrease in Cr(VI) during growth with 
complete con er ion in 3 - 4 day . 
Wie l i nga et a l .  (200 1 )  studied iron promoted reduction of chromate by iron­
reducing bacteria ( IRB) .  Cr(VI )  reduction was examined using SheH'anella algae strain 
BrY as a model I RB .  l ronJchromium reduction reactions were performed in  polycarbonate 
t irred-flow reactors. The authors showed that reaction rates were independent on surface 
area. When chromate enters the reactors, the concentration of Fe( I I )aq rapidly decreased. 
When BrY ce l l  suspension was added to a reactor with the initial Cr(VI )  concentration of 
0 . 1 mM but in  the absence of iron mineral , c hromate was complete ly  reduced within the 
first 30 minutes .  
When hydrous ferric oxide was used as  the iron phase, the total amount of  Cr(VI)  
reduced to Cr( I l l )  was 7 .9x  1 0-
5 moles which would require that 2Ax  1 O-
� moles  of Fe(I l) 
ha e been oxidized. Reduction and immobil i zation of chromate in  the work of Wiel inga et 
a l .  i s  the result  of a coupled, two-step, biotic-abiotic reaction pathway in  which Fe(I I )  
produced during iron respiration catalyzes the reduction of  Cr(Vl) .  
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2 .7. 1 . 2  hern ical red uct ion of Cr( V I )  
Common chemical reductants o f  Cr(VI) include sulfides, dissolved organic 
compounds, aqueous Fe(I I) ,  and Fe(II)-bearing m inerals (Eary and Rai 1 987). 
Kreuzer (2000) studied the conversion of chromium with in-situ gaseous reduction 
(I GR).  The I GR technology involves injecting di luted H2S into sand contaminated with 
Cr( I ) .  The treatment gas immobi l izes and reduces Cr(VI),  and converts it to the non-toxic 
Cr( 1 1 1 ) .  An in o luble precipitate i s  formed as a result of the reduction reaction. 
K im et a l .  (200 1 )  also studied Cr(V1 )  reduction by H2S in  aqueous media. They 
found that Cr(VI )  reduction produces Cr( 1 l l ) ,  and the oxidation of sulfide may produce 
S20t SO/, SO/-, So, and polysulfides. Kim et a l .  (200 1 )  found that the reduction 
reaction is first order with respect to Cr(VI )  and the reaction rate constant increases as the 
i nit ial sulfide concentration increases. The authors further found that the reduction rate 
increased as the pH was decreased. 
Gould ( 1 982) studied the kinetics of Cr(VI) reduction by metal l ic iron. The study 
revealed that the reaction kinetics are dependent on the pH, Cr(VI)  concentration and iron 
surface area as described by the foI lowing equation : 
The rate constant (k) was found to increase as mIxmg rate increased up to a 
maximum value beyond which the rate was essential ly independent of mixing. Reaction 
stoichiometry was found to be, with one exception, independent of environmental 
conditions. In general,  1 . 33  mol of iron dissolved for each mol of Cr(VI) reduced. 
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This highly efficient uti l ization of  iron in the reduction suggest that hydrogen 
generated during iron di o lution may be acting as a reductant for the Cr(VI) .  Kim et a l .  
(200 1 )  further found that the single parameter which influenced the reaction stoichiometry 
\ a the init ial  Cr(VI) concentrat ion. The ratio of Cr(VI) reduced to iron dissolved increased 
rapidly as the Cr(VI) concentration increased. This observation was taken as being 
consi tent with a surface interaction between Cr(VI) and some metastable hydrogen species 
at the iron surface. 
edlak and Chan ( 1 997) studied reduction of Cr(VI) by ferrous iron as a function of 
pH and temperature. The authors found that over the concentration range studied [0 .3- 1 00 
J.lM FeC I I )  and 0.9-600 J.lM Cr(VI ) ] ,  the reaction fol lows first-order kinetics with respect to 
Fe(II )  and Cr(VI) .  
Abdo and Sedahmed ( 1 998) examined a new technique for removing Cr(VI) from 
wastewater v ia  galvanic reduction wi th scrap iron using a divided paral le l  plate cel l .  
Measurement of ce l l  voltage versus ce l l  current has shown that the rate of Cr(VI) ,  
represented by the cel l current, increases with increasing the init ial concentration of Cr(VI) 
and solut ion temperature . The authors showed that their technique can reduce Cr(VI) below 
the maximum contaminant level .  
Hwang et a1. (2002) studied the effects of ferrous iron and molecular oxygen on 
Cr(VI)  redox kinetics in the presence of aquifer solids. Cr(VI)  reduction by FeC I ! )  in 
solution l ead to the formation of a mixed iron/chromium solid solution of the form FexCr , _  
x(OH)3 (Richard and Bourg, 1 99 1 '  Rai e t  a I . ,  1 987;  Eary and Rai,  1 988 ;  and Schlautman 
and Han, 200 1 )  with x equals 0 .75 .  The kinetics of chromium reduction was investigated 
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be au e of the po ibi l i rJ that the reaction would be retarded in the pre ence of aquifer 
material by adsorption, 0 idation, or other surface reactions. 
Hwang et al . (2002) reported rapid and complete removal of Cr(VI)  from solutions 
containing FeC I ! )  at a pH of about 7 . 5 .  It should be noted that they analyzed total chromium 
which does not directly measure reduction of Cr(VI )  to Cr(I l l ) .  However the authors 
c laimed that the total dissolved Cr concentration is a good evidence for this reduction, 
becau e of the high solubi l i ty of Cr(VI )  and the low solubi l i ty of Cr( I l l) ,  particularly in  the 
presence of Fe( I I I ) ,  at neutral pH. 
Hwang et ai . (2002) have shown that d issolved Fe( I I )  concentrations were below 
detection l imits for all experiments with sand s lurry, indicating that i ron has been removed 
by the sand. Despite that chromium was also being removed from solution possibly by the 
i nteraction with the sorbed i ron. The rate of Cr(VI )  reduction in the s lurries was much 
s lower than that observed for the reaction with i ron in solution. Furthermore additional 
amounts of aquifer solids result in greater inhibition of chromium removal by Fe(l l ) .  The 
work of Hwang et al. (2002) demonstrated the abil ity of the solids to develop the capac ity 
for Cr(VI)  reduction from the Fe( I I) that was added. As suggested by the authors, this has 
impl ications for in situ treatment of a contaminated aquifer. 
Kim et al . (2002) studied the influence of reduction reaction by ferrous iron by 
measuring the toxicity of hexavalent chromium to Daphnia magna. The mechanism for the 
reduction reaction of Cr(VI) to Cr( I l I )  using ferrous sulfate as the reducing agent is as 
fol lows (James et aI . ,  1 997) : 
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A ignificant decrease of Cr(VI)  concentration due to the reduction of Cr(VI)  to 
Cr(I l l ) in  the pre ence of Fe( l I )  was observed and reached a steady state in 60 min.  
However, the concentrations of Cr(VI)  were not changed in blank solution with di lution 
water used in  the bioas ay test. It was confirmed that there were no other possible reducing 
agents in the di lution water. The authors found that the reduction kinetics i s  an overal l  
econd-order reaction. The effect of pH on the reduction of Cr(VI) was also investigated at 
d ifferent pH values in  the range 6 .2-7 .5 .  No significant difference of reduction rates 
appeared in solutions with pH near-neutral,  but the reaction rate of chromate with ferrous 
ions increased and faster Cr(VI )  reduction occurred with increasing pH (Buerge and Hug, 
1 997;  and Schlautman and Han, 200 1 ). Meanwhile,  the effect of dissolved oxygen on Fe( I ! )  
oxidation i s  not dominant but competitive in the solution containing chromate a t  neutral pH 
ranges (Eary and Rai 1 988) .  It \\'as also found that Cr(VI)  is a more powerful oxidizing 
agent than oxygen (Eary and Rai, 1 988 '  James, 1 997) and the rate of Cr(VI)  reduction by 
Fe( I !) i s  very rapid even in the presence of dissolved oxygen at pH < 8 .0 (Fendorf and Li ,  
1 996). 
The author also conducted experiments to determine the dependence of the Cr(V I )  
reduction rate on the changes in Fe( I 1 )  concentrat ions of the solution. They found that the 
concentrations of Cr(VI )  remaining in the solution decreased with the increasing ratio of 
ferrous ions to chromate . 
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2.7 .2 o rpt ion of  C r( V J )  
The l iterature re ealed that man adsorbents are used to sorb either Cr(VI) or 
Cr( I l l )  such a calcined Mg-AI-C03 hydrotalc ite (Lazaridis and Asouhidou 2003), Peat 
(Ma and Tobin 2003) removal of Cr( l l l) from aqueous solutions by bentonite and 
expanded perlite (Chakir et aI . ,  2002), removal of Cr(VI)  using fly ash (Rao et a1. 2002), 
coals (Lakatos et aI . ,  2002) biosorption of Cr(VI)  by green algae spirogyra species (Gupta 
et a 1 .  200 1 ), removal of Cr(VI) from aqueous solution by adsorbents derived from used 
t ires and awdust (Hamadi et a 1 .  200 1 )  chitin (Sa and Aktay 2000), c lay (Krishna et aI . ,  
2000), rice hul l s  (Low et aI . ,  1 999), and granul ar activated carbon (Candela et aI . ,  1 995) .  
Trench-based barriers, backfi l led with reactive media, result in the direct adsorption 
of chemical species or the oxidation or reduction of chemical species fol lowed by 
precipi tation. For example, removal of soluble chromium to concentration less than the 
MCL for total chromium was demonstrated with various candidate media in an aquifer 
s imulation model (Deutsch, 1 997). In the study candidate media included powder-activated 
carbon, ferric oxide and agricultural l imestone. Adsorption appeared to be the principle 
mechanism of removal for al l  candidate media considered . 
Han et a! .  (2000) studied the removal of Cr(VI) from groundwater by granular 
activated carbon (GAC). The study was performed in a complete m ixed batch reactor. 
They found that solution pH signi ficantly affected Cr(VI) removal , with higher removal as 
the pH dropped from 8 . 1 5  to 3 .93.  Thi s is in agreement with the observations of other 
researchers (Alaerts et a1 . 1 989; Huang and Bowers 1 978;  Huang and Wu, 1 975;  Levya­
Ramos et a! .  1 994 ; Perez et aI . ,  1 995 ;  and Tan and Teo, 1 987). 
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Removal of r(VI )  t) pical l) reached its l imit within 1 .5 day , and controls without 
GA at pH 3 .93 and 7 . 56  howed no significant changed in  Cr(VI )  concentration over this 
t ime period. Removal rate were relati ely fast, with more than 80% of total removal 
occurring within the fi rst 8 hours. I n  addition. removal rates at lower pH values were faster 
than tho e at greater pH values (Han et a I . ,  2000). 
The authors calculated the amount of Cr(VI) removed from solution by the 
d ifference between initial and final Cr(VI) solution concentrations. Such type of analysis 
cannot be used to determ ine unambiguously whether removal only results from adsorption 
onto GAC surface or instead results from a combination of adsorption plus chemical 
reaction [e .g . ,  reduction of Cr(VI) to Cr( ln) ]  (Han et a I . ,  2000). Sorption i sotherm wel l  fit  
by Freundlich equation. The authors further found that Cr(VI )  removal was greatly 
enhanced when oxygen was effectively excluded from the GAC system.  
Hu et a1 . (2003) studied chromium adsorption on high-performance activated 
carbons from aqueous solution. They used three commercial  activated carbons and four 
l aboratory-made microporous and mesoporous activated carbons. The authors found that 
t ime has evident influence on the adsorption during the first 3 days but has l i ttle impact 
after that. For the laboratory made activated carbons, sorption isotherm fit wel l  the 
Freundl ich model with l arger sorption capacity for medium with larger micropore volume. 
However Cr(VI)  adsorption i sothem1s of the three commerc ial activated carbons fit well 
the Langmuir modeL suggesting that the adsorpt ion almost reach saturation. The authors 
found that the uptake of Cr(VI )  increases with increasing pH from 2 to 3 and then decreases 
from pH 3 to 6 . 5 .  They found that an acidic solution at a pH value about 3 is an optimal 
3 1  
condition for the adsorption of r 1 ) .  They also ob erved that the uptake of both Cr(VI) 
and Cr( I I I )  increa e with increasing temperature. 
Min and Hering ( 1 984) studied the removal of chromate USIng iron(I I I)-doped 
alginate gels .  In their study, a gel sorbent prepared by cross-l inking the biopolymer alginic 
acid with calcium and doping with iron(I II ) ,  was used to remove oxyanions from aqueous 
solutions. Spherical gel beads were formed by dispensing 2% (w/v) alginate solution 
dropv.rise i nto 1 L of O . I M  (4g/L) calcium chloride (CaCh).  Instantaneous gel formation 
occurred at the drop-solution interface as the alginate was cross- l inked by Ca2+ . Sorption 
i sotherm of Cr(VI) to the gel surface in the work of Min et al . is nonlinear over an 
equ i l ibrium aqueous concentration of 0-200 ppm . They also indicated that the effect of pH 
on C r(VI )  sorption was less pronounced. 
Srivastav et al. ( 1 994) studied the removal of chromium and nickel in wastewater by 
using the aquatic plants Salvinia and Spirodela and applying synthetic solutions 
containing l .0-8 .0 ppm chromium and nicke l .  The authors observed that the rate of 
percentage removal of these metal ions was 56-96 and 1 8-72% after the first 2 and 1 4  days 
of contact time by both aquatic p lants for a single group solution of metal ions, 
respect ively, but in the case of the mixed group solution, the removal rate was 35-83 and 
1 0-53% respective ly .  The authors found that the removal rate decreases with increasing 
contact time of the aquatic p lants. They observed also that the concentration of both the 
metal ions in the aquatic p lants and the biomass grov.rth of the aquatic plants were lower in 
m ixed group solutions than in s ingle group solutions. 
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2.7.3 orpt ion of  r( I I I )  
Once Cr( I )  being reduced to Cr( l l l ) ,  it can be removed from the aqueous solution 
by either orption or precipitation. Mendoza et a!. (2000) studied Cr( I l l )  sorption by XAD-2 
re in impregnated with DI-(2,4A-Trimethylpenty l )  phosphinic acid (CY ANEX 272). 
01 ent impregnated resin containing Cyanex 272 was prepared by adsorption of the 
organophosphorou extractant into the polymeric macroporous support Amberl ite XAD-2 . 
The XAD-2 res in presented good affinity towards the extractant Cyanex 272. The 
impregnation process showed Langmuir model .  The impregnated resin showed good 
affinity towards Cr( I l l ) .  The best sorption efficiency (98%) was obtained at pH=5.  An 
i ncrea e in  concentration of Cyanex 272 in  the resin has a positive influence upon the 
sorption of Cr(I l l ) .  Sorption i otherrn of Cr( I l l )  showed a good correlation with the 
Langmuir model .  
L iu  et a! .  (200 1 )  studied the removal and recovery of Cr( I I I )  from aqueous solutions 
by a spheroidal ce l lu lose adsorbent (SCA).  Cotton was used as ce l lulose material . Two 
types of cation-exchange resins were investigated : a weakly acidic and strongly ac idic 
re i ns .  The removal of Cr( I I I )  reached equi l ibrium after 1 20 minutes. The authors also 
showed that the adsorption isotherms for the adsorbed Cr( I l l )  on SCA can be analyzed by 
both Freundl ich and Langmuir i sotherms .  They found that the adsorption rate increases 
with temperature . Furthermore, they showed that as the pH increases, the percent removal 
of Cr(I l l )  increases as wel l .  
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C H APTER T H REE 
M ATERI ALS AND M ET HODS 
3. 1 DE eRIPTI ON OF THE STUDY AREA 
The L iwa Crescent is a 1 60-k i lometer long arcuate area that demarcates the 
transition v.lthin central Abu Dhabi Emirate between low-re l ief sand dunes of the northern 
sand- ea region and relatively h igh-re l ief sand dunes and sabkhas on the south. Figure 3 . 1  
shows the location o f  the Liwa Crescent (Wood et a I . ,  2003) .  
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(Figure 3 . 1 ) : Location of Liwa Crescent area (Wood et ai . ,  2003) .  
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The total ultivated area within the L iwa district i s  about 64 mi l l ion m2 distributed 
a fore t fodder farms, palm trees and egetable farms.  A tabulation of the cultivated 
areas and estimated con umptive-use rates by vegetation type is presented in Table 3 . 1 .  
Table 3 . 1 :  Cult ivated areas and consumptive-use rates by vegetation type in the 
Liwa area as estimated in 1 992 (Wood .et aI . ,  2003). 
Consumptive- Cultivated Consu m ptive 
Vegetation type use rate a rea use 
(m/y) (million m2) (mill ion m3/y) 
Forest 0 .23 39 9 .0 
F odder and Grass 1 . 50 5 7 .5  
Vegetables and fruit trees 0 . 58  20 1 1 .6 
Tota l 64 28. 1 
3.2 HY DROLOGY OF T HE LI WA AQUI FER 
The Liv,:a aquifer i s  roughly lens-shaped, with a maximum observed thickness of 
about 1 2 1  m. The aquifer has a specific yield that a erages 0 .22 and a transmissivity of 
300 m
2
lday. The estimated rate of dec l ine of the water table during the years 9 1 -93 was 
about 25  c m/yr. The groundwater moves in e ither northward or south\vard directions 
toward topographical ly  low areas that comprise the coastal sand salt Dats and the sand dune 
and sabkha physiographic regions, respectively (Wood et aI . ,  2003) .  
The Liwa Crescent area can be divided into 3 primary areas with respect to recharge 
potential : sand dunes, interdune areas, and sabkhas. In sand dune areas, there is practical ly 
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no runoff over the ur[ace of the and. The a erage grain size of dune crests is 0. 1 7  mm 
(Wood et a l . .  2003) .  
The ages of the water samples range from 1 0,000 to  28,000 years . Thus, water 
being withdrawn from aquifers underlying these areas is fossi l  water that recharged the 
aquifer during a period of wetter c l imatic conditions several thousands years ago. Interdune 
and sabkhas areas receive no more rainfa l l  than the dunes with the exception that sabkhas 
are considered to be discharged points . Groundwater discharge occurs as natural lateral 
outflO\ s and as art ificial  outflow by pumpage. The aquifer hydraulic conductivity was 
found to be homogeneous and isotropic and equals 1 . 1  m/day. The average l inear velocity 
i s  1 .04 m/yr (Wood and Imes, 1 995) .  The average discharge rates are about 3 .6  mil l ion 
m
3
/yr toward the north and 5 . 3  mi l l ion m3/yr toward the south. The calculated lowering of 
the water table due to natural lateral outflow is  on the order of 1 cm/yr (Wood et a1 . , 2003) .  
Table 3 .2 l i sts the estimated values of fresh, brackish and sal ine groundwater in storage in  
the Liwa aquifer. 
Table 3 .2 :  Estimated volumes of fresh brackish, and saline groundwater in the L iwa 
aqui fer, 1 992 (Wood et a l . ,  2003) .  
Average Specific Volu me in 
Percent 
Zon e  
A rea th ickness storage of total (m2 X I 06) {m} yield {m3X I O  9} 
Fre h 2,400 30 0 .22 1 6  5 
B racki h 1 3 , 1 00 3 5  0 .22 1 0 1  35  
Sal ine  1 4.560 55  0.22 1 76 60 
Total 293 
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3.3 CO L L ECTION A N D  A A L  Y S I S  O F  SAND AND G ROUNDWATER SAM PLES 
A repre entative sand sample from an un-disturbed area was col lected from a depth 
of  70 cm.  A groundwater sample was col lected from a pumping wel l  located on the site. 
ample col lection fol lowed the US-Geological Survey guidel ines for sand and GW 
sampling.  The water sample was preserved in an incubator at around 4°C .  
The sand sample was analyzed for heavy metals using aqua regia (HCIIHI03 = 3 :  1 )  
e traction method. The sand sample was sieved with sieve number 20 that passes particles 
with less than 850  f.1.m . Fraction greater than 850 ;.un has been discarded. The sand 
sample was analyzed for partic le-size distribution (Figure 3 .2) .  A lmost 97 % of the tested 
sample is sand with around 3 % s i lt . 
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(Figure 3 .2 ) :  Grain-size distribution of Liwa sand. 
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The pH, e lectrical conducti ity (EC) and temperature of the collected groundwater 
v. re determined immediately after ampling. Other properties ( inc luding TD , Ca, Mg, 
HC03, I . . .  etc) of the groundwater sample were measured in the laboratory. amples of 
the sand were sent to the Central Laboratory Unit (CLU) at the UAEU for heavy metal 
detection. and samples were also analyzed for pH, organic matter (OM) and cation 
exchange capacity (CEC) at the Food Systems' laboratories.  The CEC was determined by a 
method outl ined by Warncke et al ( 1 980), OM content was determ ined using the wet 
digestion technique (Schulte 1 988) .  
3.4 CHROM I UM ANALYSIS  
Atomic Absorption (AA) spectrophotometer and Inductively  Coupled Argon 
P lasma ( ICP) technique located at the Central Laboratory Units (CLU) at the UAE 
University were used to analyze for total Cr whi le a colorimetric method employing a UV 
spectrophotmeter was uti l ized to determ ine Cr(VI) .  In  the colorimetric technique, Cr(VI )  is 
determ ined by reacting with diphenylcarbazide in ac id solution. A red-violet color of 
unknown composition is produced. The reaction i s  very sensitive, the molar absorptivity 
based on Cr being about 40 000 Llg.cm at 540 nm. Hexavalent molybdenum and mercury 
salt may interfere as they react to form color with the reagent but the intensitie are much 
lower than that for Cr at the spec ified pH.  Vanad ium interferes strongly but concentrations 
up to 1 0  t imes that of Cr wi l l  not cause trouble .  Iron in concentrations greater than 1 mglL 
may produce a yellow color. 
Analysis for Cr(VI )  was carried out by adding 1 mL of Diphenylcarbazide solution 
to 45mL of the sample fol lowed by the addition of 1 . 8M H2S04 unti l  the pH reaches 
approximately 2. Stirring is necessary unt i l  the desired pH is attained. The m ixture is then 
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di luted with di t i l led deionized (DDT)  water to SOmL. The solution i al lowed to stand for 
5 to 1 0  minutes. Ab orbance of blank, tandard and samples were carried out by a 
spectrophotometer et at 540 nm (Standard method for the examination of water and 
wastewater, 1 985) .  
3.5 T RANSPORT T U D I E  
3.5.1 Batch Sorption Kinet ic 
The rate of sorption of Cr(VI)  and Cr( I l l ) to Liwa sand was investigated in a batch 
experiment. The sand to water ratios (S/W) were 1 :25 ,  1 :  1 0  and 1 : 5 for Cr(VJ) and 1 :40 for 
Cr( I I I ) .  The masses of sand were 4 1 0, and 20 grams fro Cr(VI )  and 2 . 5  grams for Cr( I I I) .  
The aqueous solution samples volumes were 1 00 mL.  In  a l l  the experiments the source of 
Cr(VI)  was potassium dichromate (K2Cr207) and that of Cr( l l l )  was chromium chloride 
(CrC I3) .  The init ial Cr(VI )  concentration was 1 ppm for the first S/W while for the other 
two ratios it was 2 ppm . Cr( I I I )  in itial concentration was 50 ppm . Bottles containing 
Cr(VI )  were m ixed end-over-end for d ifferent periods (5, 1 0, 20, 30.  60 and 1 20 minutes) 
whi le bott les containing Cr( I l l )  were m ixed for 0 .25,  0 . 5  1 2 and 4 days. Aqueous 
samples from the bottles were dra\\11 at the end of the m ixing period and analyzed for 
Cr(V I )  and Cr( I I I ) .  
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3.5.2 I otherm t u d ie 
For a /W ratio of 1 :25  the extent of sorption of Cr(VI )  to Liwa sand was 
investigated in  batch tubes. The initial concentration of Cr(VI )  varied over the range of 0.3,  
0 . 5 ,  1 .0 1 . 5 and 2 .0 .  The tubes were m ixed for 4 hours and samples from the aqueous phase 
wer withdrawn and analyzed for Cr(VI) .  The concentration of Cr(VI )  on the sand phase 
was calculated by d ifference .  
3.5.3 M iscible D isplacement  Stu d ies 
A column packed with Liwa sand was uti l ized to s imulate transport of Cr in the 
field. The column was prepared from epoxy glass with an inside diameter of 5 cm and a 
length of 5 1  cm .  The cross-sectional area of the column is  1 9 .635 cm
2 
and the column's 
total volume (Vtot) i s  1 00 1 .4 cm
3
. The bulk density of the packed column was determined 
gravimetrical ly and was found to be Pb = 1 .93 g/cm3 . Prior to saturation, the column was 
fl ushed at low flO\ rate with CO2 to displace air. The column was then saturated from the 
bottom at a low flow rate (20 m llhr) with 0 .05M CaCh solution. The moisture content (8) 
was determined gravimetrical ly and was found to be 0.34. The miscible displacement 
experiment was initiated by injecting a 0 .05M CaC l2 solution containing Cr(V I)  using a JP.  
e lecta. s .a .  - PERCOM-I peristaltic pump. Effluent samples were col lected using a 
fraction col lector at d ifferent pore volumes (PV) starting from 0 .3  to 2 .8  PV. The 
experiment was terminated after the effluent concentration reached the value for that in the 
i nj ected solution (step increase). A schematic diagram showing the setup of the column 







(Figure 3 . 3 ) :  Schematic diagram of the column experiment. 
Col lected effluent samples were analyzed for Cr(VI) .  The experiment was repeated 
for two different pore water ve loc ities and 1\.\10 different initial Cr(VI) concentrations. The 
conditions of the column runs are shown in Table 3 . 3 .  
Table 3 . 3 :  I nitial concentration and tlO\\ rate \ alues o f  the column runs.  
R u n  n u m ber 
2 
3 
Cr(VI )  i n it ia l  
concentrat ion,  ppm 
1 0  
1 0  
30  
4 1  




3.6 T R  ATM E  T T D I E  
mong the different treatment techniques which were found i n  the l iterature for the 
treatment of Cr(VI) ,  we in estigated the use of activated carbon as a sorbent and the use of 
iron (99% Fluka Chemie AG) for chromium reduction. 
Batch experiment were conducted to investigate the rate and the extent of reduction 
of Cr(V I )  u ing ferrous i ron. Two grams of iron powder were added to 50 mL of 1 0  ppm 
r(VI )  solution at pH alues of 4 and 7 using buffer solutions (Sodium Phosphate -
Diabasic ,  Potass ium Phosphate-Monobasic) to make sure that the pH remains constant for 
the entire t ime of the experiment. Samples were taken every 1 ,  2, 6, 1 2  and 24 hours . To 
check the effect of pH on the reduction of Cr(VI)  without iron, a 1 0  ppm Cr(VI )  
concentration was prepared using the two buffer solutions (PH 4 and 7) without the addition 
of iron and sam pies were taken e ery 1 ,  2, 6, 1 2  and 24 hours, 
orption experiments using activated carbon were also conducted in batch 
experiments. The purpose of the experiment was to determine the rate and the ultimate 
sorption capacity of carbon under different conditions including pH and Cr(VI )  init ial 
concentrations. Charcoal Granular Activated Carbon (3 30344Y), which was purchased 
from BDH Laboratory Supplies in England, \\'as used as a sorbent with the speci fi ations 
that howed in Table 3 .4 .  
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Table 3 .4 :  Propert ie of granular activated carbon. 
Property 
Bulk density, gIL 
Part ic le s ize,  mesh 
urface area, mig ( internal) 
Ash content, % 
Value 
500 
1 0  - 1 8  
900 - 1 000 
5 - 8 
A 1 0  ppm Cr(VI)  solution was prepared in  a 1 00 mL flasks to which 0 .5 gm of 
GAC were added at pH values of 4,  7 and 9 .  The samples were taken every 6, 12 24 and 
SO hours . 
Sorption i sotherms  for Cr( l l l ) and Cr(V I )  on GAC were conducted by adding 0.25 
gm of GAC to 50  mL Cr(VI )  and Cr( l l l) solutions. The init ia l  concentrations of Cr(VI)  and 
Cr(II I)  were 2, 4, 6, 8 and 1 0  ppm. The samples were mixed end-over-end for a period of 
30 minutes. Equil ibrium aqueous concentrations were then measured and the equi l ibrium 
sol id  was found by difference. 
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3.7  E \ A L LAT I O N  O F  TRA 1 PORT P A RA M ET E RS 
The XTFIT2 0 ode of Toride et a1. ( 1 995) was used to evaluate the transport 
parameter from the column experiments. The program maybe used to solve the inverse 
problem by fitting mathematical solutions of theoretical transport models based upon the 
Adyection-dispersion equation (ADE) to experimental results. The program may also be 
used to olve the direct or forward problem to determ ine the concentration as a function of 
t ime and/or position given that all transport parameters are known. 
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CHAPTER FOU R 
C HROM I U M  I NTERACT I ON W I TH LI W A SAND 
4. 1  SA D AND G RO U N DWAT E R  C H ARACTE R I ZAT I ON 
Table 4 . 1  highlight the properties of the sand samples col lected from the Liwa 
area. Liwa sand is s l ightly alkal ine and is characterized by a low OM content and CEC. 
This pos ibl. causes poor retention of heavy metals introduced to the agricultural land 
through the u e of fert i l izers and other applied chemicals that are contaminated with these 
metal . 
Table 4 . 1 :  Properties of Liwa sand . 
Characteristic or P roperty Value 
Zn, m g/kg 7 . 5  
Cr .  mg/kg 5 .6 
V, mg/kg 4 .3  
Pb .  mg/kg 0 .4  
T i ,  mg/kg 5 . 8  
Fe. mg/kg 1 696.0 
Cu. mg'kg 1 .3 
Cd,  mg/kg < 0. 1 
Mo, mg/kg 1 . 3 
pH ( 1  :2 .5  extract) 8 . 1 5  
Organic matter (%) 0 .068 
CEC (meql l 00 g soi l )  1 .45 
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orne of the properties of the col lected groundwater amples from the ite are 
hO\\11 in Table  4 .2 .  The high salinity of groundv,'ater could be attributed mainly to ions l ike 
a I ,  and 0-1 \.vith Ie ser contribution from hardness ions and alkalini ty .  The TD 
concentrat ion (2493 mglL) exceeds the drinking water standard value of 500 mg/L. ulfate 
concentration (57 1 mg/L) is also higher than that recommended for drinking water (250 
mglL). Chloride concentration in Liwa groundwater (949 mglL) exceeds the drink ing 
water level of 250 mglL. 
Table 4 .2 :  Liwa groundwater properties .  
Characteristic or  P roperty Value 
TDS (mglL) 2 ,493 
Specific conductivity ( �S/cm ) 6 380 
Ca (mglL) 1 34 
Mg (mg/L) 37 
a (mglL) 7 1 0  
K (mglL) 34 
HC03 (mglL) 1 1 0 
C I  (mglL) 950 
S04 (mglL) 570 
The groundwater sample has been analyzed for several heavy metals as 
demonstrated in  Table 4 . 3 .  The table shows that almost 90% of the total chrom ium in the 
analyzed groundwater sample is in the foml of Cr(VI) .  The concentration of total chromium 
(0. 1 09 mglL) s l ightly exceeds the maximum contaminant level (MCL) for drinking water 
(0. 1 00 mglL). But, the concentration of Cr(VI )  exceeds the MCL for drinking water (0.05 
mglL) by almost two folds (Bouwer, 1 978) .  
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Table 4 .3 : Heavy Metal in Liwa groundwater. 
H eavy M etal  Value ( m g/L) 
At 0.008 
Ba 0 .040 
Cd 0 .002 
Co ND' 
Crtotal 0 . 1 09 
Cr(VI )  0 .093 





Mo 0 .043 
Ni 0 .000 
Pb 0.002 
Sr 3 .4 1 7  
V 0 .057 
Zn 0.002 
D: not detected 
The above values are consistent with those reported in  a work conducted by the US 
G TD team performed to assess the groundwater resources of the L iwa Cre cent (Wood 
et a l . .  2003). The US GSINDC report indicated that the average concentration of total Cr in 
year 1 993 was 0. 1 50 mg/L . 
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4.2  BAT H T lI O I E  
A number o f  batch experiments v,'ere conducted to study the rate o f  sorption o f  Cr 
by and and to identify sorption equi l ibrium time. Furthermore, batch experiments were 
conducted to investigate sorption of Cr(VI )  to reactor materials and to evaluate the 
leachabi l i t  of Cr(VI )  from the soi l  which could be contaminated with Cr(VI) .  
B lank samples (no soi l )  were prepared to  test i f  any losses of Cr(VI )  would occur 
due to sorption to flask materials .  Three flasks with 2 ppm Cr(VI )  (K2Cr207 salt) solution 
• 
were prepared and the concentration was measured at
, 
d ifferent time intervals (5,  1 0  and 20 
min) after initiation of the experiment. Measured concentrations at the aforementioned 
durations were 2 .005 2 .002, and 2 .005 ppm respect}vely.  This implies that there was no 
10 s of Cr(VI)  to wal l s  of the container. 
Table 4 . 1 reveals that there is 0 .0056 mg total Cr per gram soi l .  When this  soi l i s  
mixed in  a solution, some of the existing chromium on the soi l may leach into the solution 
causing an error in the determ ination of the amount of chromium sorbed from solution 
e pecial l y  v,'hen a high S/W ratio i s  being used. To investigate the leachabi l i ty of the soi l ,  
three batch tubes were prepared with a SIW ratio of 1 : 5 using a chromium-free solution. 
The tubes were mixed and the aqueous phase was sampled and analyzed for Cr(VI ) .  Results 
revealed that the highest Cr(VI )  concentration in any of  the three tubes did not exceed 
0 .0 1 3  ppm . I t  should be noticed that if  all the mass of chromium present on soi l  is leached, 
then the concentration of Cr in the solution resulting from soil leaching wi l l  be 1 . 1 2  mg/L. 
The concentration of CrcYI)  i s  almost two orders of magnitude lower than that 
corresponding to complete desorption. This indicates that e ither most of the chromium 
present on the soi l is in  the form of Cr( I I I )  or that complete desorption of Cr(VI )  did not 
take place .  
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4.2. 1 Rate Exper iment  
4.2. 1 . 1  Cr(VI) rate  experiment  
R ul ts  of Cr(VI)  rate experiments at  three di fferent IW ratio are presented in 
Figure 4 . 1 .  It  is c lear from the figure that the sorption capacity of the sand is negligible and 
the s l ight variation ob erved in the concentration of Cr(VI )  as compared to the initial alue 
may be within the uncertainty of the analytical technique itsel f. To confinn this point, the 
confidence l imits in determining the concentration of Cr(VI)  for a solution with a known 
concentration of 2 ppm were detennined as i l l ustrated in Table 4 .4 .  Variations in the 
readings of concentration in the rate experiments fal l  within the 95% confidence l im its, 
indicating that changes in aqueous concentration are unlikely to be due to sorption. 
o U 
U 0. 5 
I 
O�---r----------'-----r--�-----' 
o 2 0  4 0  6 0  8 0  1 0 0 1 2 0 
T i m e ,  m i n .  
• C o  = 1  p p m ,  SIW = 1 :25 
• Co=2 ppm , S/W = 1 : 1 0  
• Co=2 p p m ,  SfW = 1 :5 
(Figure 4 . 1 ) : Rate of  removal of Cr(VI )  on Liwa sand at different S/W rat io (pH 7-buffer). 
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Table 4 .4 :  onfidence l im its [or detennination of Cr(\'I ) . 
umber of samples 5 
A erage, ppm 2 . 1 50 
td Dev. 0 .0 1 2  
95% C . l .  0 .0 1 1 
Lower l imit  1 .989 
Upper l imit 2 . 0 1 1 
4.2. 1 . 2  Cr( I l I )  rate experiments 
Figure 4 .2  shows the results of Cr( ln )  rate experiments. Obviously, the sorption 
capacity of L iwa sand to Cr( l l I )  is very high contrary to its capacity to sorb Cr(VI ) .  
Inabil ity of Liwa soi l to  sorb Cr(VI )  i s  possibly due  to  the fact that the source of Cr(VI) i s  
chromate which wi l l  be repel led by the negatively charged s i lt fraction of the soi l .  
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o 0.5 1 
T i m e ,  d a y  
1 .5 2 
(Figure 4 .2) :  Rate of removal of Cr( I I I) from aqueous solution in the presence of 
Liwa sand, Co = 50 ppm, S/W = 1 :40 (PH 7 - buffer) .  
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4.2.2 orpt ioo I otherm E xperiment  
orption i sothenn high l ights the relationship between the concentration of Cr i n  the 
l iquid and sol id phases by finding the distribution coefficient (Kd) of the target element 
between the sol id and the l iquid phase. The result are shown in Figure 4 .3 .  In  the Figure, 
e and e stand for the equi l ibrium concentration of Cr(VI)  on the oi l  ( e) and in the 
o lution (Ce), respectively. The values of Se were determined by mass balance using values 
for the i ni t ia l  and final concentration in  the aqueous phase . F igure 4.3 clearly shows that 
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(Figure � ,3) :  Sorption i sotherm of Cr(VI)  on L iwa sand at a /W ratio of 
1 :25 (pH 7 - buffer) . 
The experiment was repeated at higher S/W ratio ( 1 . 5 :  1 ) . The initial concentration 
of Cr(V I)  varied over the range of 2 -20 ppm. The tubes were mixed for 24 hours and 
samples from the aqueous phase were withdrawn and analyzed for Cr(VI) .  The 
concentration of  Cr(VI )  on the soi l  phase was calculated by difference. The results are 
shown in F igure 4.4-A. 
5 1  
0.001 20 
0.00 1 00 1 y = SE-OSx 0 
0.00080 
R2 = 0.8943 0'1 ""-0'1 
E 0.00060 Q) 0 (/) 0.00040 j 
0.00020 
0.00000 
0.00 S.OO 1 0.00 1 S.00 20.00 
Ce,  mg/L 
(Figure 4.4-A) : Sorption i sotheml of Cr(VI )  on L iwa sand at a /W 
ratio of 1 . 5 :  1 (PH 7-buffer). 
It is c lear from Figure 4.4-A that even at h igher S/W ratio the sorption of Liwa soil  
to Cr(V I )  i s  not pronounced as indicated by the low Kd value (5 x l  0-5 L/g). van Genuchten 
and Wierenga ( 1 977) conc luded that the batch equi l ibration method may not be sensitive 
enough to measure small values of Kd . Under these circumstances, the use of soil column 
technique become preferable over batch experiments. It should be indicated that the use of 
a /W ratio higher than 1 . 5 :  1 in the batch experiment would be impracticable as phase 
eparation becomes d ifficult . 
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n the other hand Fig .  � .�-B re\"cals that Li\\ a sand hu. higher capac ity to remo\ e 
r( I I I ) ,  con i tent with the finding of the rate e ·perimcnt. 
Cl 
1 . 8 ' 
1 . 6  1 
1 .4 � 
1 . 2  





y = 2 5 . 836x 
R2 = 0 . 9952 
O.O+-----�----�------�----�----��----�----� 
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 
Ce , m g/L 
(Figure 4 .4-B) :  Sorption i sotherm of Cr( I I I) on L iwa sand at a S/W ratio of 1 :40 
(PH 7- buffer). 
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4.3 O L  M T E X P E R I M ENTS 
Re ult  of three miscible di  placement experiments conducted USIng Cr(VI )  on 
column packed v ith Liwa o i l  are sho\VTl in Figure 4 . 5 .  The experiments di ffer in the 
initial concentrat ion inj ected or the applied flow rate. 
0 u 
U 
1 0  1 
0.9 
0 .8  
0 .7  
0.6 
0 .5  
0 .4 
0 . 3  
0 .2  
0.1  
0.0 
o 0.2 0.4 0.6 0.8 
- Run 1 :  Co=10 ppm , Q= 19.133 m Uh 
---+- Ru n2: Co=10 ppm , 0=40 m Uh 
---,lIE- Ru n3: Co = 30 ppm , Q = 40 m Uh 
1 . 2  1 .4 1 . 6  1 . 8  2 2 . 2  2.4 2 . 6  2 .8  
PV 
(Figure 4 . 5 ) :  Breakthrough curves of Cr(VI )  through Liwa sand. 
There are l inle deviations in the sbape of BTCs suggesting that differences in the 
init ial concentration u ed or differences between the two flow rates employed do not result 
in  a significant impact on the shape of BTC . FU11hermore , Cr behavior was as expected 
with l inle shift to the right from an ideal tracer indicating that Cr is encountering l ittle 
sorption during transport through the column. The transport parameters D and R were 
determ ined by curve fitting using CXTFIT 2 0  model as presented below. 
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4.3. 1 Re u l t  Of The l i  c i b le D i  p l a c e m e n t  E x peri m e n t  
ormal ized effluent erC 1 )  concentrat ion along with the corresponding value of 
the pore volume (pY) were uti l ized to determine the alue of 0 and R. The equi l ibrium 
advection-dispersion model that accounts for sorpt ion (Mode I of CXTFIT2 0 ) has been 
u ed for this purpo e. The value of pore- water veloc ity was determined independently 
from the alue of flow rate, moisture content and cross-sectional area of the column 
(vo=Q/8A) and the degradation rate was set to zero. Both 0 and R were set as unknowns. 
Model output are presented in  Table 4.5 whi le  s imulated breakthrough curves along with 
the e perimental data are shown in Figure 4 .6 .  
Table 4 .5 :  Values of R and D as  determined by the CXTFIT2 o . 
Co, ppm vo, emlh r D ,  em2lhr R r2 D/vo, em Kd , Llkg 
1 0  2 . 866 0 .93 1 . 5 1  1 . 000 0 .32 1 0.090 
1 0  5 .992 2 .72 1 .4 1  0 .996 0.452 0 .072 
30 5 .992 2 .75 1 . 5 5  0 .999 0.-+5 7 0 .097 
Average 1 .49 0.4 1 0  0 .086 
Table 4.5 and Figure 4.6 show that the optimized parameter values results in an 
acceptable fitting to the breakthrough data . Table 4 . 5  sho\,;s that the di persion coefficient 
increases as the pore-water velocity increases. This beha ior i s  wel l  documented in the 
l i terature. The ratio D/vo i s  denoted as dispersivity which is a characteristic of the porous 
media.  The value of dispersivity is expected to be constant regardless of the flow rate. The 
values of dispersivity in this study ranges between 0 .32 1 -0 .457 cm with an average value of 
0 .4 1 cm .  Maraqa ( 1 995) showed that there is a l inear re lationship between D and Vo with a 
d ispersivity value for sandy soi l s  of 0 . 5 3 1  cm .  
5 5  
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(a )  
o obse rved 
- fitte d  
(b) 
° obse rv e d  
- fitte d 
(c) 
° obse rv e d  
- fitte d 
(Figure 4 .6) :  BTCs of Cr(VI )  through packed colwnn with L iwa sand . (a) Co= l O  ppm and 
Vo =2. 866 cmlh, (b) Co= l O  ppm, and Vo = 5 .992 cmlh and (c) Co=30 ppm, 
and Vo = 5 .992 cmlh. 
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Table 4 . 5  how that the retardation factor for the three runs ranges bet\veen 1 .4 1 -
1 . 5 5  with an a erage value of 1 .49. There was no trend of increase or decrease in R with 
changes in Co or o. This is expected since the retardation factor is a function of both the 
chemical and the porous media. The value of R does not deviate much from 1 .0 ( ideal 
tracer) indicating that l i ttle orption has occurred during Cr(VI )  transport. 
The value of R was estimated independently from the area above the curve of the 
ob erved data and was compared to the values predicted by CXTFIT (Table 4.6). The 
result reveal that predicted values c losely match those detennined independently with an 
error that doe not exceed 2%. 
Table 4 .6 :  Comparison of calculated and predicted values of R .  
R values 
Run 1 Run 2 Run 3 
Area above the curve l . 5 1 3  1 .388  1 . 550 
Fitted 1 . 5 1 0  1 .4 1 0  1 . 550 
Percent d ifference 0.2 1 1 . 62 0 .00 
The distribution coefficient, Kd• can be found by using the fol lowing expression: 
P x K  
R = 1 + ( h d )  
e 
(4. 1 )  
By substituting the values of Pb and 8 for the column (Chapter 3) and the value of R (Table 
4 . 5),  the value of Kd can be determined. Values of Kd are l i sted in Table 4 . 5 .  The average 
value of Kd is 0.09 Llkg. 
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Compari 'on bem een the KJ "alue detenn ined from the column e. periments and 
that determined from the batch i otherm (0,05 Llkg) shows that the fomler "alue is alma t 
tv. o time higher. The lower alue detennined from the batch experiment could be due to 
the inabil ity to accurately determine the value with a low S/W ratio when the chemical i 
not being greatly orb d to the olid . In  this ca e ,  the column data would be more rel iable 
to u e .  
4.3.2 imu lation Of C h ro m i u m  Transport Under  Differen t  Cond itions 
The effects of changes in R, D and 11 on the shape of the breakthrough curve have 
been investigated using CXTFIT2 0 . The initial concentration for a l l  s imulation was 1 0  ppm 
and the veloc ity \: as 5 .992 cmlh. F igure 4 .7 shows the effect of changing R on the shape of 
the BTC. As the value of R increases the t ime needed for Cr(V I) to reach the influent 
concentration increases. This  is due to the higher capacity of soil to retain  the chemical in  
the column for h jgher values of R. 
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(F igure 4 .7) :  Effect of changing R on the shape of the breakthrough curve.  (Co= 1 0  ppm, 
Vo = 5 .992 cmlh, D= l .O cm21h, 110= 0.01h). 
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hange in the value of 0 were tudied a v\:el l .  imulated breakthrough curve 
with d ifferent D values are sho\\11 in Figures 4 . 8 .  n increase in  the value of D causes more 
spreading of the chemical but doe not affect the center of mass. 
1 0. 0  
9 . 0  -- 0= 0.25 
E 8.0 _ 0= 0 . 5  a. 
a. 7 . 0  
C 6.0 _ 0= 2  0 
.. 5 . 0  ('Q 
L.. 
� 
4.0 c: Q.) 
3 . 0  () c: 0 2 . 0  () 
1 . 0 
0 . 0  
0 1 0  20 30 40 50 
T i m e , h r  
(Figure 4 . 8 ) :  E ffect of changing 0 on  the shape of the breakthrough cun e o  (Co= I O  ppm 
Vo = 5 .992 cmih, R = 2, 110 = O.O/h) 
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The effect of change in thl: degradation rate con tant (fl)  on the ETC is i l lu  trated 
In Figure 4.9 .  A fl increa es th effluent concentration drops and ne er reaches the 
inn uent concentrat ion. At a fl value of O .OSIh, the ultimate effluent concentration is almost 
half of the initial value. 
1 0.0 -
9 . 0  -
- � = o.ooo 
� � = 0.005 
8.0 - -6-- � = 0.050 
E 7.0 - - � = 0.500 c-o. 
c· 6 . 0  -0 
:;:; 5.0 -� ... 
4.0 J 
-c Q) 0 c 0 3 . 0  � u 
2.0 -
1 . 0 -
0.0 
0 1 0  20 30 40 50 
T i m e , h r  
(Figure 4 .9) :  Effect o f  cha�ging 11 o n  the shape o f  the breakthrough curve .  (Co= I 0 ppm Yo 
= 5 .992 em b D = 1 .0 em - Ih, R = 1 .0) 
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C H A PT E R  F I  E 
T REAT M ENT O F  W ATER FOR CHROMIUM REM OVAL 
The main obj ectives of the treatment experiments were ( 1 )  to investigate the role of 
iron in  reducing Cr(VI)  to Cr(I l l ), and (2) to in  estigate the role of granular activated 
carbon (G C)  in  sorbing chromium.  
5. 1 REDUCTION OF C r(V I )  USING I RON POWDE R  
Reduction o f  Cr(VI )  using iron was investigated under different p H  value . An 
init ial  experiment was conducted to i nvestigate if changes in  the pH of the solution affect 
Cr(VI )  concentration. In such experiment, a l O-ppm Cr(VI )  solution with pH 4 and 7 
values (buffer solutions) was prepared and sampled at 1 ,  2 ,  6, 1 2  and 24 hours. The results 
are shown in  Figures 5 . 1  and 5 .2 .  
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(Figure 5 . 1 ) : Variation o f  chromium concentration with 
time at pH 4 without iron. 
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(Figure 5 .2 ) :  Variation o f  chromium concentration with 
t ime at pH 7 without i ron. 
I t  i c lear from Figures 5 . 1  and 5 .2 that the pH has l i tt le  effect on the removal or 
reduction of Cr(VI)  s ince the values are almost constant and equal the init ial value . 
Therefore, any changes in  the concentration of Cr(VI )  upon the addition of i ron wi l l  be due 
to the presence of iron itse l f  and not due to changes in the pH . 
Variation of Cr(VI )  with time at pH 4 and 7 in the presence of iron are shown in 
Fig. 5 . 3 .  The figure shows a reduction in Cr(VI)  concentration with time at both pH values. 
The rate of change of Cr(VI) concentration i s  high at initial times and then it decreases 
possibly because of a nonequi l ibrium behavior after which i t  reaches equil ibrium. 
The figure also sho\vs that as the pH is  reduced from 7 to -+ higher changes occurs 
with almost complete di sappearance of Cr(V I )  from solution at pH -+ after 2 hr of contact 
t ime. 
Figure 5 .3 also shows variations in the total Cr in the aqueous solution as analyzed 
by the rc p .  When the total Cr is higher than Cr(VI )  it indicates that part of the reduced 
C r(VI )  is present in solution, possibly as Cr( I I l) .  Since, however the total aqueous Cr does 
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not corre.'pond to the initial r( 1 )  concentration, it indicate that some of Cr(VI )  is either 
being attached to the iron as Cr(VI)  or i being reduced and attached to the iron, 
Ob iou I , the addition of iron to the solution caused the disappearance of Cr(VI) .  
At  initial t ime , the reaction rate was ery high but decreased unti l 6 hours. after 6 hrs an 
increa e in the concentration of Cr(VI)  or total Cr was observed in the solution fol lowed by 
a decrease in concentration. This  could be due to a h igh gradient created in the aqueous 
pha e urrounding the iron particles, which later was stabi l ized as the reduction or sorption 
proce s reaches equi l ibrium. 
As it i s  a lso c lear, the concentration of total Cr after 6 hours i s  higher than Cr(VI) .  
The d ifference should be a reduced form of Cr(VI) ,  possibly Cr( I I I ) .  Not al l  Cr(V I )  
d isappeared from solution at p H  7 .  This appears to be in  confl ict with "",hat has been 
reported by Hwang et a l .  (2002) who showed rapid and complete removal of Cr(VI )  from 
solutions with a pH value of about 7 . 5 .  
As the pH drops, we observed a dec rea e in the aqueous concentration of  Cr(VI )  
and total Cr. Hwang e t  a l .  (2002) observed an  increase i n  Cr removal with the increase in  
pH .  The observed pH dependence in  their work was explained on the basis that ferrous iron 
that makes a complex with Cr(I l l ) v hich i s  preferable at higher values of pH since OI-r 
exists more. In  our case, it i s  c lear that most of the di sappeared Cr(Y I )  i s  not in o lution 
but adhered to the surface of the iron. The possibi l i ty that some of the disappeared Cr(V I)  i s  
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(Figure 5 .3) :  Variation of chromium concentration with t ime in the presence of iron 
at d ifferent values of pH. Initial Cr(VI )  concentration = 1 0  ppm. 
5.2 REMOVAL OF C H RO M I U M  USING G RANUALR ACT IVATED CARBON 
Figure 5 .4 shows the rate of change of Cr(VI) and total Cr concentration with the 
use of GAC at pH 9, 7 and 4. The concentration of Cr(VI)  decreases with time in the 
pre ence of GAC, \\"ith more disappearance from solution as the pH drops . Results obtained 
by analyzing the samples using the rcp show a s imi lar trend for total Cr. However, total Cr 
concentration i s  always higher than Cr(VI )  concentration, indicating that some of Cr(VI) 
has been reduced to another chromium form and remains in solution. Figure 5 .4 also 
demonstrates that the d ifference betv,:een Cr(VI) and total Cr concentration increases as the 
pH drop . 
Hu et a l .  (2003)  found that the uptake of Cr(V I) increases with increasing pH from 2 
to 3 and then decreases from pH 3 to 6 .5 .  This indicates that the solution pH affects the 
Cr(VI)  adsorption. They concluded that an ac idic solution at a pH value about 3 is an 
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optimal condition for the ad orption of Cr( I ) .  The ob 'ervation made b) ! iu et al. CWO:; ) 
con i stent with what ha been observed in the above e periment. 
The above experiment demonstrates that Cr(V I )  can be removed from solution 
u i ng GAC,  but the mechanism of i ts removal is not solely sorption to carbon surface .  It i s  
po ib le  that Cr(VI )  i s  not being sorbed to the carbon surface but it i s  being reduced and the 
reduced form is being sorbed. Further experiments are needed to elucidate the exact 
mechanism(s) of Cr(VI )  removal in the presence of activated carbon. The l iterature lacks 
results regarding this point. The reason wh carbon reduces Cr(VI)  also needs to be 
i nvestigated. 
1 . 0 
0 .8  
-e- Cr(tota l )  a t  pHS 
0.6  � 0 
-&-- Cr(V I )  a t  pHS 
-o- Cr(tota l )  a t  pH7 u 
u ----{}- Cr(V I )  at p H7 0.4 1 --lIE-- Cr(tota l )  at pH4 
0.2  j --lIE-- Cr(V I )  at pH4 
0.0 
0 1 0  20 30 40 50 
T i m e ,  h r  
(Figure 5 .4) :  Variation of Cr concentrat ion with time (mass of GAC = 0.5  g). 
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5.3 H RO M I U M  O R PT I ON I OTH E RM TO G RA N U L A R  ACT I VATED 
CARBO 
Figures 5 .5  and 5 .6  show the sorption i sotherm of Cr(VI )  and Cr( I l l) using GAC, 
respectively .  These e periments were conducted at pH 7 and a sampl ing t ime of 30 hrs . 
uch time is  suffic ient to reach equi l ibrium between the sorbed and the aqueous 
concentration (Figure 5 .4). Aqueous Cr concentration in both figures has been determined 
using the ICP .  Thus,  the decrease in aqueous concentration of Cr(VI) in F igure 5 . 5  is 
directly related to the amount of Cr sorbed regardless whether the sorbed chromium is in  
the hexavalent or  in  another form . 
Comparison between Figures 2 . 5  and 5 .6  shows that the capacity of GAC to sorb 
Cr( I l l )  is h igher than that when the solution contains initial ly  Cr(VI) .  The sorption 
distribution coefficient, i .e .  Kd for Cr( I l l )  = 4 .032 Llg whi l e  that for a solution containing 
init ial ly Cr(VI)  = 0 . 1 57  Llg. 
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E 0.3 . 
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Ce , m g Cr(tot) I L sol uti o n  
(Figure 5 . 5) :  Sorption i sotherm of Cr(VI )  on GAC . S/W= 1 /200. 
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(Figure 5 .6) :  Sorption i sothem1 of Cr( I I I ), S/W ratio= 1 /200. 
Hu et al. (2003) found that the i sotherms of the GAC they used fit wel l  the 
Freundl ich model ,  indicating that the adsorption amount increases significantly with 
increasing Cr(VI) equi l ibrium concentration. But at low concentrations (i .e. less than 1 00 
ppm), their isotherm appears to be l inear, consistent of what we observed. 
5A PRACT I CAL I M PL I CATIONS OF T H I S  STUDY 
S ince the source of Cr(VI) is bel ieved to be  natural .  Therefore. i t  i s  not practical to 
treat the whole aquifer. However, i f  the groundwater at L iwa area is to be used for drinking 
purposes then a treatment method to reduce Cr should be implemented such that the 
produced water meet drinking water standards. Treatment could be accompli hed by 
pumping groundwater into a tower packed with either iron or activated carbon. Scraped 
iron from workshops is a cheap potential source of iron while the palm dates seeds are good 
natural sources of carbon after activation. S ince in this  study the treatment using iron or 
67 
activated carbon wa re tricted to batch reactors, then extrapolation of the results to packed 
bed reactor may not be straightforward. Once a packed tower treatment is been adopted, 
then packed column experiments need to be conducted so that certain design parameters 
can be determined. 
Remo al  of Cr(VI) by i ron or activated carbon has been found to be more effective 
at pH alues lower than those exist natural ly. Thus, the pH of pumped groundwater needs 
to be dropped before the water is being treated by any of these materials .  The value of pH 
can be control led by inj ecting CO2 . After treatment, the pH should be adjusted to 
acceptable l im its .  
In treating groundwater using activated carbon, the carbon can be regenerated once 
it becomes exhausted. Researchers (Han et a! . ,  2000) found that 0 . 0 1  M K2P04 can be used 
to extract adsorbed Cr(VI) and 0 .02 N H2S04 solution can be used to remove precipitated 
C r( I I I) .  It should be emphasized that if a treatment method is been adopted then removed 
chromium in the waste stream should be handled appropriate ly. 
Contamination of L iwa groundwater by chromium may raise a concern regarding 
the u e of this water directly for irrigat ion. Recent findings by Symonds (personal 
communication), however, suggest that the use of Liwa groundwater for agricultural 
purposes is safe as the level of chrom ium in the agricultural products are comparable to 
those produced in the States .  
The low sorption capaci ty of soi l  to Cr(VI)  impl ies that Cr(VI )  wi l l  be spread ing in 
L iwa aquifer. I f  the source of Cr(VI)  is from the underlying natural materials then there is a 
possibil ity that the contaminant plume spreads and increases over time at speci fied 
locations unt i l  the source is been depleted. Spreading wi l l  be mainly affected by the 
hydrodynamic di spersion. With the reported field hydraulic conductivity of 1 m/day and the 
68 
hydraulic gradient of 0 .00 1 (\  ood e t  a l ,  200 .... ) .  the average l inear velocitv ( \' = K dh ) 
� - 0 e dL 
wi l l  be 1 .04 m/yr a suming a moisture content of 0 .35 .  Assuming that the dispersivity in 
the field does not deviate from that found in the laboratory ( i .e .  OA1 cm) the mechanical 
d ispers i  n part wi l l  be 0 .0043 m2j)T. Thi value is  re latively smal l ,  indicating that the 
magnitude of molecular d iffusion cannot be ignored in the field.  S ince the molecular 
d i ffusion of chromium in  aqueous solution (Dd) i s  0.0 1 87 m
2
jyr (Fetter, 1 999) then the 
effective d iffusion coeffic ient (D* = (ODd) with an (0 value of 0.5 for sand wi l l  be 0.0094 
m
2
jyr. Thus, the contribution of molecular d iffusion of chromium in the field wi1l be almost 
twice that caused by mechanical d ispersion. 
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CHAPTER S I X  
CONCLUSI ONS AND RECOM M ENDATI ONS 
6. 1 CONCL S I ONS 
The main objectives of this study were to i nvestigate the predominant mechanisms 
affecting the transport of Cr(VI)  through columns packed with Liwa soil material and to 
i nvestigate the efficiency of activated carbon and iron in  removing Cr(VI) from 
groundwater. Based on this study the fol lowing conc lusions can be made : 
1 .  The concentration of total chromium in groundwater at Liwa area s l ightly exceeds 
the MCL but the concentration of Cr(VI) far exceeds the MCL for drink ing water. 
2 .  Batch rate experiments using soi l material from L iwa area revealed that the capac ity 
of soi l  to sorb Cr(VI) is negl igible, but the capacity to remove Cr( I l I )  is re latively 
high. This behavior was attributed to the affinity of Cr( I l l )  to adhere to the 
negatively charged si l t  particles .  
3 .  Batch sorption i sotherm of Cr(VI) showed a low di tribution coefficient of 0.05 
Llkg, but the column transport study resulted in a three time higher value.  The 
lower value of Kd found from the batch experiment could be due to the inabi l ity to 
accurately determine the value with a low S/W rat io when the chemical is not being 
greatly sorbed to the soi l .  
70 
4.  Re ult of the onducted miscible displacement experiment - suoo t d that 00 
differences in the init ial concentrat ion u ed or d ifference among the flow rates 
employed do not result in a significant impact on the shape of the BTCs for Cr(VI) .  
5 .  The dispersivity of columns packed with soi l material from Liwa area averages 
OAcm.  
6 .  Batch rate study for removal of Cr(VI)  from aqueous solution using iron showed 
high removal rate at i nitial times. 
7 .  Removal of Cr(VI)  from aqueous solution using iron appears to increase as the pH 
drops with almost complete disappearance of Cr(VI )  at  pH 4 .  
8 .  After treatment with iron, the total Cr in  aqueous solution was higher than Cr(VI) 
but lower than the initial Cr(VI) concentration, suggesting that some of Cr(VI) 
e ither being attached to the iron as Cr(VI) or i s  being reduced and then attached to 
the iron. 
9 .  Treatment of aqueous solution containing Cr(VI) with activated carbon resulted in 
higher removal of Cr(VI) from solution as the pH dropped. 
1 0 . The mechanism of Cr(VI) removal by GAC was not solely sorption to carbon 
surface since the total Cr in solution, after treatment was higher than Cr(VI) but 
lower than the initial Cr(VI) concentration. It is speculated that Cr(VI) reduced to 
Cr( I l l )  and the reduced from was sorbed to the carbon surface.  
1 1 . The capac ity of GAC to sorb Cr( I l l) is higher than that of Cr(VI) .  
7 1  
6.2  RECO M ;\1 N DAT J ON 
The fol lowing include directions for future research based on the present study : 
1 .  Experiment conducted in this study were based on the use of synthetic groundwater 
samples. Appl icabi l ity of the results found in this study should be examined using 
actual groundwater samples col lected from the field.  
2 .  Attempts to mix  desa l inated water with groundwater from L iwa area to produce 
drinking water should be carefully conducted such that the concentration of Cr(VI) 
in the produced water does not exceed the MCL for drinking waters. 
3 .  The use of the dispersivity value determined in this study should be done with 
caution as the field dispersivity could be orders of magnitude higher that laboratory 
determ ined counterpart due to field-scale heterogenei ty .  
4 .  Research i s  needed to  investigate the use  of in-situ treatment with iron salt for 
containment of Cr(VI)  plume in the Liwa area. 
5 .  Re earch is needed to eluc idate the exact mechanism(s) of Cr(VI)  removal when 
treated by activated carbon or iron. 
6 .  Data on the temporal and spatial changes in Cr(VI)  in Liwa groundwater are lacking 
and efforts are needed in  such area. 
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